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Abstract. The substantial disposal of non-biodegradable wastes is a major concern 
for the environment. One of the main disposed wastes is scrap tyres, whose production 
and disposal may lead to significant pollution of the soil and the air. This work 
investigates the effect of recycled rubber particles incorporation on the mechanical and 
physical properties of cementitious composites modified with epoxy polymer. A Design 
of Experiment (DoE) was conducted to identify the effect of the polymer inclusion (35 
and 50wt.%), rubber inclusion (10, 15 and 20wt.%) and rubber particle size (coarse 
and fine particles) factors on the bulk density and compressive, tensile, and flexural 
strength and modulus responses. Epoxy polymer contributed to cement hydration, 
even without any water. Higher amount of coarse rubber particles led to reduced 
mechanical performance. In general, lower amounts of epoxy polymer and finer rubber 
aggregates provided superior strength and modulus. The use of epoxy polymer 
enhanced the adhesion between cement and rubber aggregates. This rubber polymer-
cementitious composites achieved promising results, being a feasible alternative to 
reuse end-of-life rubber tyres into structural applications. 
1. Introduction
The significant increase of solid waste disposal in nature is a major concern in 
many countries. One important example of discarded material is unusable tyres. 
Around 1 billion tyres end their service life per year and it is projected that 5 billion tyres 
are to be disposed by the year 2030 [1]. Although some countries, such as EU 
countries, have strict regulations about waste tyres destination, with a high recovery 
ratio of 96% [2], most discarded tyres have been sent to landfills without any treatment 
[1]. Tyre burning is the main destination for scrap tyres [2], however, this method is 
hazardous for environment, as burning areas are subjected to temperature rise and 
poisoned smoke is released during the combustion process. Since low quality 
components have been used to produce tyre rubber, waste tyres are economically 
unsuitable to be used as fuel [3]. 
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The use of sustainable aggregates in construction industry has been proved to 
be a good solution as waste resources destination. Waste rubber particulates have 
been studied as viable aggregates for concrete production. Their incorporation in 
cement based materials has reduced carbon dioxide emissions, besides being 
economically viable [4] as an inexpensive resource with good energy absorption 
performance. Rubber particles have contributed to obtain light weight components, 
reducing overall density about 45%, when coarse aggregates were used [5]. Past 
studies revealed that rubber aggregates provide slight reductions in compressive 
strength [6], flexural strength [7] and modulus of elasticity [8] of cementitious materials. 
This effect has been attributed to the weak rubber-cement adhesion, providing not only 
a faster crack propagation around rubber particles, but also agglomeration of rubber 
particulates in one face of concrete samples, leading to inhomogeneous composition 
[6]. On the other hand, higher energy absorption capacity of rubber particles changed 
concrete failure mode to ductile compared with normal brittle failure of ordinary 
concrete [9]. 
The use of chemical treatments, such as silane coupling agent and NaOH 
solution have contributed to increase overall rubber reinforced concrete strength by 
15% [10]. Furthermore, the use of polymeric admixtures in cement products has led to 
increased mechanical properties due to enhanced bonding between cement hydrates 
and polymeric films [11]. Epoxy polymer is one of the main polymeric components in 
concrete and mortar compositions. It contributes to some advantages, such as high 
workability, ductile failure, increased flexural, compressive and tensile strength, 
reduced porosity and density of concrete samples [12]. Anagnostopoulos, Sapidis and 
Papastergiadis [13] have reported that 20% epoxy polymer was able to retard the 
hydration of Portland cement, leading to increments in compressive strength, tensile 
splitting strength and elastic modulus by 21%, 48%, and 162%, respectively. Although 
several studies have been conducted to assess the mechanical performance of epoxy 
polymer modified concrete, major efforts have been carried out to verify the influence 
of sustainable aggregates in such products. Shu and Zhang [14] have investigated 
epoxy polymer inclusions (40 - 60%) into rubbered cementitious composites, achieving 
enhanced mechanical properties up to 275% under compressive loads. 
In this context, in order to obtain a better understanding regards to the use of 
epoxy-rubber composites, a Design of Experiment (DoE) was conducted to assess 
statistically the influence of rubber particle size/amount, and epoxy incorporation on 
the mechanical, physical and morphological properties. 
2. Materials and Methods 
2.1 Materials 
A thermoset polymer, consisted of epoxy resin (Renlam M type) and hardener 
(HY956 type) mixed at 5:1, respectively, was supplied by Huntsman (Brazil). The 
cementitious phase consisted of Portland Cement (ASTM III) was supplied by Holcim 
(Brazil). Rubber particles were sourced by a local remoulding company. Rubber 
particles were washed and classified by sieving process in particle size ranges of 10-
20 US-Tyler (2-0.84mm) and 50-100 US-Tyler (0.297-0.149mm). 
2.2 Statistical Analysis 
A Design of Experiment (DoE) using a full factorial design was conducted to 
evaluate the significance of each experimental factor over the investigated responses. 
A full factorial design consists of investigating all combinations of experimental factors 
(k) and their respective levels (n), resulting in nk experimental conditions [15, 16]. The 
statistical software Minitab 17 was used to manipulate the data. 
Three experimental factors and their respective levels were evaluated as follows: 
epoxy polymer inclusion (35 and 50wt%), rubber particle inclusion (10, 15 and 20wt%) 
and size (10-20 and 50-100 US-Tyler). Holmes et al. [17] have recommended up to 
20wt% of rubber particle incorporation in cement based materials in order to avoid 
significant reductions in mechanical performance. The epoxy polymer amount levels 
were considered based on preliminary studies using similar raw materials [18, 19], 
involving particle packing optimization and optimum rheology of the system. A full 
factorial design 2231 was conducted, leading to 12 experimental conditions (Table 1). 
A reference condition (R1) with no rubber and polymer incorporation was prepared with 
a water-cement (w/c) ratio of 0.35. Two blend compositions (R2 and R3) were also 
produced mixing epoxy polymer at different epoxy-cement ratios. The epoxy polymer 
in pristine condition (R4) was also evaluated. Table 2 shows the reference conditions. 
The investigated responses were bulk density and compressive, tensile, flexural 
strength / modulus. 










C1 50 10 10-20 
C2 50 10 50-100 
C3 50 15 10-20 
C4 50 15 50-100 
C5 50 20 10-20 
C6 50 20 50-100 
C7 35 10 10-20 
C8 35 10 50-100 
C9 35 15 10-20 
C10 35 15 50-100 
C11 35 20 10-20 
C12 35 20 50-100 
 








R1 100 0 0.35 
R2 50 50 0 
R3 65 35 0 
R4 0 100 0 
 
2.3 Experimental Procedure 
Cylindrical, prismatic and dog-bone samples were produced by hand-mixing (~5 
min.) the bi-component matrix (cementitious and polymeric matrices) and dispersive 
phase based on the experimental setup shown in Tables 1 and 2. The samples were 
produced by pouring the mixture into silicone moulds. Cylindrical samples were also 
used to evaluate bulk density according to BS EN 10545 [23].	   Bulk density was 
determined by the ratio between the weight and volume of the dried sample for 24h in 
oven at 60°C. Five (5) samples per test and experimental conditions were produced 
per replicate. Two replicates were adopted in this experiment. Samples were tested 
after 28 days of curing time at room temperature. Compressive, tensile, and flexural 
tests were conducted in a Shimadzu AGX universal machine with a 100 kN load 
capacity in accordance with ASTM D695 [20], ASTM D638 [21], and ASTM D790 [22] 
recommendations, respectively. 
The morphology of rubber/epoxy composites was evaluated via SEM (Scanning 
Electronic Microscopy), using a Hitachi Microscope – TM 3000 with 15 kV voltage. 
SEM images were used to identify defects and the quality of interface between phases. 
The hydration of Portland cement by epoxy polymer was assessed via XRD (X-Ray 
Powder Diffraction), using an X-Ray Diffractor Shimadzu XRD 6000. 
 
3. Results and Discussions 
The mechanical and physical results obtained for the reference conditions are 
presented in Table 3. The limiting values were reached by the samples consisted of 
ordinary Portland cement paste (R1) and epoxy polymer in pristine condition (R4). With 
respect to R2 and R3 blends, higher compressive strength was achieved when 35wt% 
of epoxy polymer was used (R3). An opposite behaviour was found for tensile and 
flexural strength, in which increased epoxy polymer (50%) was more favourable 
compared with cement paste (R1) or cement with 35wt% epoxy polymer (R3). The 
epoxy polymer in pristine condition achieved maximum compressive, tensile and 
flexural strengths. The elastic moduli under compressive, tensile and flexural loads 
presented similar trends, with highest values when 50wt% cement was incorporated 
(R3), being attributed to the higher stiffness of Portland cement compared with epoxy 
polymer. The presence of polymeric phase provides additional influence on failure 
mode. Polymer-cementitious samples (R2-R3) revealed increased tenacity besides did 
not present brittle failure as cementitious samples (R1). R2 and R4 samples achieved 
higher deformations under compressive loads, as shown in Figure 2. 
TABLE 3. Physical and mechanical properties mean values and standard deviations 
(in brackets) for the reference conditions 



































































FIGURE 2. Stress vs. deformation plot obtained via compressive test for reference 
conditions. 
Figure 3 shows XRD results for References 1 to 3. The detected 2θ angles shown 
in Figure 3 are correspondent to hydrated cement products, including portlandite 
(Ca(OH)2) and hydrated silica calcium (CSH). XRD analysis evidenced cement 
hydration via water cement ratio in Reference 1 (Figure 3c) and epoxy polymer 
inclusion in References 2 (Figure 3a) and 3 (Figure 3b). Some peaks were only found 
for Reference 1, which indicate higher hydration by the presence of water. 
 
FIGURE 3. XRD analysis for epoxy-cement blends R2 (a) and R3 (b); and cement 
paste (c). 
The results for mechanical and physical tests for experimental conditions are 
presented in Table 4. The statistical analysis was conducted via Analysis of Variance 
(ANOVA). The P-Value indicates which of the effects are significant in affecting the 
evaluated responses. When a P-Value for a factor or for the interaction of factors is 
lower than 0.05, this factor or interaction have significant influence on the evaluated 
response within a 95% confidence interval. A main factor can only be considered 
individually when an interaction of two or more factors is not statistically significant. 
When an interaction of factors is significant, it represents a high order effect and those 
factors must be mutually considered using an interaction plot [15,16]. The P-Values for 
main effects and interactions for each mechanical and physical response are shown in 
Table 5. R²-adjusted evidences the predictability of statistical model for new 
observations from obtained data. Anderson Darling test assesses the normality of 
tested data. Higher percentages for R²-ajdusted implies a model with good data 
adjustment. As can be seen in Table 4, all R²-adjusted values are above 95%, which 
indicate an excellent adjustment of the model. P-Values above 0.05 in Anderson-
Darling test indicate that investigated data follow normal distribution and validate 
ANOVA conclusions. 
 
TABLE 4. Mean data considering replicate 1 and 2. 
 σc (MPa) Ec (GPa) σt (MPa) Et (GPa) σf (MPa) Ef (GPa) ρ (g/cm³) 
 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
C1 41.21 2.94 21.45 0.88 13.48 1.10 4.05 0.44 24.54 2.02 4.14 0.31 1.49 0.03 
C2 45.32 2.54 21.90 1.21 15.93 1.03 3.88 0.33 24.97 1.79 5.40 0.46 1.50 0.03 
C3 36.93 1.20 18.77 1.25 10.00 0.87 3.20 0.46 19.52 1.64 3.78 0.16 1.48 0.02 
C4 42.98 0.74 21.86 2.00 16.24 1.22 5.58 0.32 29.67 2.77 4.92 0.29 1.47 0.01 
C5 34.28 1.27 19.91 1.49 9.62 0.88 4.68 0.44 21.91 1.59 2.38 0.20 1.44 0.01 
C6 40.47 1.23 19.12 1.34 12.68 0.57 4.19 0.31 26.07 2.05 3.96 0.34 1.46 0.01 
C7 50.78 1.56 26.98 1.37 11.49 1.30 3.94 0.35 26.86 1.99 3.98 0.36 1.73 0.01 
C8 60.75 1.27 30.42 1.39 15.73 1.33 4.08 0.42 31.80 2.96 6.04 0.60 1.76 0.01 
C9 39.70 1.32 22.64 1.02 9.17 0.64 3.28 0.60 22.98 1.95 4.57 0.35 1.67 0.01 
C10 46.31 2.85 24.94 1.98 14.68 0.88 5.60 0.40 23.65 2.04 5.26 0.43 1.71 0.04 
C11 25.50 2.45 17.70 1.47 9.02 0.71 4.80 0.52 19.71 1.66 4.18 0.25 1.63 0.06 
C12 38.80 3.24 22.89 1.73 12.95 1.00 4.27 0.24 20.00 1.24 6.05 0.28 1.65 0.04 
 
TABLE 5. Analysis of variance (P-Values ≤ 0.05) 






















 EI*RI 0.000 0.000 0.026 0.001 0.000 0.000 0.000 
EI*RS 0.000 0.000 0.046 0.297 0.000 0.144 0.030 
RA*RS 0.006 0.327 0.000 0.314 0.002 0.001 0.278 
EI*RI*RS 0.008 0.000 0.014 0.002 0.000 0.010 0.435 




0.531 0.086 0.610 0.215 0.281 0.110 0.537 
 
3.1 COMPRESSIVE STRENGTH AND MODULUS 
Compressive strength data varied from 24.17 MPa to 61.12 MPa. The incorporation of 
rubber particles led to reduced compressive strength from 25% up to 70% in 
comparison with their respective polymer-cementitious sample-references for all tested 
conditions (see Table 4). A third order interaction effect was significant on strength 
showing a P-value (0.008) lower than 0.05 (Table 5). Figure 4 shows the interaction 
effect plot for mean compressive strength. Smaller particle sizes led to higher strength, 
mainly when the composites are fabricated with lower amount of rubber (see Figure 
4a) and epoxy polymer (see Figure 4b). Smaller size aggregates have contributed to 
higher particle packing and reduced sample porosity as reported by Azevedo et al. [6]. 
Not only reduced density of rubber particles (2.83g/cm³) compared to cement particles 
(3.12 g/cm³) [18], but also the lower rubber/cement bonding [24] have contributed to 
decreased strength of rubber/polymer-cementitious composites under compressive 
load. Compressive strength was significantly reduced by 42.3% when rubber particles 
were combined with epoxy polymer at lower amount (35%), as demonstrated in Figure 
4c. Although the lower level of polymer amount (35%) is more sensitive to rubber 
particle inclusions, this level achieved the highest compressive strength when 10% of 
rubber is considered (Figure 4c). 
 
FIGURE 4. Third order interaction effect plot for mean compressive strength. 
Compressive modulus data varied from 16.8 GPa to 30.9 GPa. In general, 
compressive strength and modulus have achieved analogous behaviour in 
cementitious samples, although the degree of changes for elastic modulus has been 
progressively lower [25]. Significant reductions in mean compressive modulus 
compared to References 2 and 3 (32.7% and 51.8%, respectively) were found as 
previously discussed. Figure 5 shows the interaction effect plots for mean compressive 
modulus. Lower amount of fine rubber particles with epoxy polymer led to higher 
compressive moduli. 
FIGURE 5. Third order interaction effect plot for mean compressive modulus. 
 
3.2 TENSILE STRENGTH AND MODULUS 
Tensile strength data varied from 8.81 to 16.32 MPa. A third order interaction effect 
was significant achieving P-value lower than 0.05. In contrast to the compressive 
behaviour, higher tensile strength was achieved when increased amount of epoxy 
polymer was considered, as shown in Figures 6b and 6c. This behaviour agrees with 
the results obtained for tensile tests in References 2 and 3, in which 50% resin content 
(R2) led to 62% increase in tensile strength compared with 35% epoxy incorporation 
(R3). Coarse aggregate and higher rubber particle inclusions contributed to significant 
reductions (31.5 and 25.7%) in tensile strength. Similar strength values were obtained 
when 10 or 15% of fine rubber particles were used (Figure 6.a). Composites made with 
35% epoxy polymer achieved higher strength (nearly at 25%) when compared to R3, 
which was fabricated with fine rubber particles at 10% level. This behaviour can be 
attributed to an enhanced particle packing system and reduced porosity. Tensile 
strength data were lower than R3 baseline only when coarse aggregate was used. 
FIGURE 6. Third order interaction effect plot for mean tensile strength. 
Tensile moduli varied from 2.73 to 5.73 GPa. The reference conditions achieved 
superior strength when compared to the experimental treatments. A third order 
interaction significantly affected this response (see Table 4). Higher elastic modulus 
was identified for 35% epoxy polymer inclusion (Figures 7b and 7c) and fine rubber 
particles (Figures 7a and 7b). The change from 10 to 15% rubber amount did not affect 
the stiffness when 50% epoxy polymer was considered (Figure 7c). Reductions in 
tensile modulus were identified when 20% coarse rubber aggregate were used, 
agreeing with tensile strength results. Although cementitious samples achieved lower 
tensile performance than polymeric ones, the presence of cement particles led to 
enhanced composite stiffness, contributing to higher tensile modulus. 
FIGURE 7. Third order interaction effect plot for mean tensile modulus. 
3.3 FLEXURAL STRENGTH AND MODULUS 
Flexural strength data varied from 19.02 to 32.26 MPa. The third order interaction effect 
was significant with a P-value lower than 0.05 (Table 5). Highest flexural performance 
was achieved for composites made with 10% fine rubber fraction and higher cement 
levels (65% cement/35% epoxy polymer). In this case, the increase in flexural strength 
may be attributed to the superior mechanical behaviour promoted by the cementitious 
phase under compressive loads, which is present in flexural tests [26]. Coarse 
aggregate led to significant reduction in flexural strength for all levels of rubber and 
epoxy polymer (see Figures 8a and 8b), which agrees with past studies [7, 24]. Rubber 
particle amount and size provided different influences over the flexural strength, 
depending on the epoxy polymer fraction, according to Figures 8b and 8c. Rubber 
inclusions did not affect flexural strength when 50% epoxy polymer was considered, 
which can be attributed to a better bonding condition (Figure 8c). On the other hand, 
higher rubber amount contributed to reduce dramatically flexural strength at about 
32.3%, mainly when a smaller polymer amount was used (Figure 8c).  
 
FIGURE 8. Interaction effect plot for mean flexural strength. 
Flexural moduli ranged from 2.29 to 6.24 GPa. Figure 9 shows the third order 
interaction effect plot for mean flexural modulus. In general, flexural moduli presented 
significant reductions when larger amount of rubber particles was used (Figure 9a). 
However, higher modulus was achieved when 35% epoxy polymer was added (Figure 
9b and 9c), as the cementitious phase contributes to enhance the stiffness. Flexural 
modulus increases at nearly 24% for both rubber particle size levels when larger 
amount of Portland cement is used (Figure 9b). Fine rubber particles led to higher 
stiffness (Figure 9a and 9b). An opposite behaviour was found for flexural modulus 
compared with flexural strength (Figure 8c) when the effect of polymer and rubber 
inclusions was evident (Figure 9c). The presence of a larger amount of Portland 
cement (35% epoxy polymer level) can enhance the matrix phase stiffness leading to 
higher elastic modulus even when a larger amount of rubber (20%) is considered 
(Figure 9c).  
 
FIGURE 9. Interaction effect plot for mean flexural modulus. 
 
3.4 BULK DENSITY 
Table 4 shows that bulk density response presented two significant second order 
interaction effects (Figure 10) with P-Values lower than 0.05. Bulk density data ranged 
from 1.440 to 1.759 g/cm³. The incorporation of rubber particles led to reduced bulk 
density for all experimental conditions compared with reference samples [8, 27]. Figure 
10a reveals the higher level of polymer inclusion (50%) reduces bulk density nearly at 
13%, which is in agreement to the literature review [28]. Rubber particle size factor did 
not provide a substantial effect on bulk density; however, a slight reduction is noted 
when coarse particles are used. Higher rubber amounts provided further density 
reductions for both epoxy polymer levels (Figure 10b), since the aggregates exhibit 
lower density compared with the matrix phase. This reduction is more evidenced by 




FIGURE 10. Second order interaction effect plots for the mean bulk density: (a) 
epoxy polymer and rubber particle inclusions and (b) epoxy polymer inclusion and 
rubber particle size 
 
3.5 MICROSTRUTURAL ANALYSIS 
Figure 11 shows SEM images for samples made with (a) 50% epoxy polymer/10% 
coarse rubber -C1, (b) 50% epoxy polymer/10% fine rubber particles – C2, (c) 35% 
epoxy polymer/10% coarse rubber – C7, (d) 35% epoxy polymer/10% fine rubber 
particles – C8, at 100× of magnification. Reduced mechanical performance achieved 
by composites made with coarse rubber particles (10-20 US-Tyler) can be explained 
due to their higher rubber volume fraction (Figure 11a and c). The matrix phase 
containing epoxy polymer and Portland cement presents higher strength and stiffness 
when compared to the rubber particles. Consequently, composites fabricated with fine 
rubber particles (Figure 11b and d) led to larger amount of matrix phase which 
contributes to enhance their mechanical properties. A good matrix-rubber adhesion is 
verified for all conditions, as no pore was identified at the interface transition zone. 
Micropores, indicated by red arrows, were observed around the matrix phase for all 
conditions, which can be attributed to the entrapped air during the mixing process. 
Larger presence of white spots in Figures 11c and 11d evidences a higher 
concentration of Portland cement. 
 
FIGURE 11. SEM images at 100× magnification for samples with (a) 50% epoxy 
resin/ 10% coarse rubber, (b) 50% epoxy resin/10% fine rubber particles, (c) 35% 




The incorporation of waste tyre rubber particles into polymer-cementitious composites 
was investigated. Epoxy polymer contributed to enhance mechanical strength under 
compressive, tensile and flexural loads. Flexural and tensile strength increased by 
324% and 1122%, respectively. In addition, X-Ray diffractometry analyses evidenced 
cement hydration provided by epoxy polymer even with no water content. Rubber 
particle inclusions promoted significant reductions in compressive and flexural 
strength/modulus. Composites made with 35% epoxy polymer achieved a slight 
increase in tensile modulus when fine rubber particles were used. Composites 
constituted of 50% epoxy polymer and 10% fine rubber aggregates led to higher tensile 
strength values. In general, composites fabricated with 10% fine rubber aggregates 
and 35% epoxy polymer achieved superior mechanical performance, i.e. 60.75 MPa 
and 30.42 GPa in mean compressive strength and modulus, 15.73MPa and 4.08GPa 
in mean tensile strength and modulus, and 31.80MPa and 6.04GPa in mean flexural 
strength and modulus, respectively. In contrast, higher epoxy and coarse rubber 
amount contributed to reduce samples density. The incorporation of rubber provided 
reductions in mechanical properties compared to the pristine conditions, however, 
other characteristics such as damping factor, surface friction, low permeability, thermal 
and acoustic insulation might be enhanced, being the scope of future investigations. 
Finally, polymer-cementitious containing rubber particles proved to be a promising 
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